INTRODUCTION
The French Aerospace company AEROSP A TIALE manufactures high pressure tanks for helium gas storage. Because these tanks are critical elements for rockets and satellites, a new approach has been developed to have a better knöwledge ofthe structure reliability. Although numerical tools such as fmite elements codes are used for the design of such structures and. quality rules are imposed to insure that the tanks manufactured are in accordance to the definition, it is conceivable that even a successful prooftest could actually darnage the composite and Iead to a residual SF less than 2.
The main objective of our work is to use the acoustic emission of each tank, recorded during proof testing to predict the real bursting pressure and therefore check the actual SF of each structure undertest. In this paper, we show that the concept of discrete scale invariance (DSI) and the derived theory of renormalization group provide a general framework to describe the intermittent darnage processes in heterogeneous systems. Acoustic emissions obtained under a constant applied stress rate, resulting from intemal pressurization of the tank, are recorded and fitted to a mathematical expression deduced from our theory. The requierements were:
-the results obtained by using this model must be reliable, -the deviation shall be smaller than 5 %, -the experintental setup and A.E. acquisition do not delay the fabrication process, -application of this method shall be cheap.
THEORETICAL APPROACH The Percolation Model as a Model for Critical Laws in Rupture Phenomena
A qualitative physical picture for the progressive darnage of a system leading to global failure is as follows. At first, single isolated microcracks appear and, then with the increase of Ioad or time of loading, they both grow and multiply leading to an increase ofthe density of cracks per unit volume. As a consequence, microcracks begin to merge until a "critical density" of cracks is reached. The basic idea is thus that the formation of microfractures prior to a major failure plays a crucial roJe in the fracture mechanism.
The siruplest statistical model ofthese facts can be constructed using the well-known percolation model. The percolation model is a purely static statistical model which assumes that microcracks are uniformely and independly distributed in the system, for all crack concentrations. Each concentration of microcracks can then be characterized by the distribution of microcrack cluster sizes and shapes for which many exact results are known (Stauffer and Aharony, 1991; Grimmet!, 1989; Deutscheret al., 1983) . The connection between rupture and the percolation model is made by assuming that as the Ioad or time increases, the density of cracksalso increases monotonically. However, in contrast to more elaborated theories of rupture, it is assumed that new cracks appear in a random and uncorrelated manner in the system, so as to always obey the rules ofthe percolation model. The percolation model exhibits a critical density at which an infmite cluster of microcracks appear which deconnects the system in at least two pieces. This critical percolation point is identified with the global rupture point. This simple percolation model for rupture can be shown to be quantitatively correct in the Iimit of "infmite disorder" (Roux et al., 1988) , for which the effect of stress enhancement at the largest crack tips remains small compared to the heterogeneity ofthe medium. In general however, the percolation model is bound to become incorrect close enough to the global rupture when stresses at the tip of the cracks become !arger than the typical scale of the strength heterogeneities of the system. Nothwithstanding this fact, the percolation model of rupture has been at the basis of a significant theoretical effort to model failure processes in highly heterogeneous media. The most important result is the critical nature of the percolation point, which suggest to represent experimental data on acoustic emission, dilatancy and other possible precursors of failures using the power laws ofpercolation theory. These laws are special cases ofpower laws more generally associated to critical phenomena, studied in statistical physics. Ideas to use these powerlaws for prediction purposes have been put forward quite early (see for instance (Allegre et al, 1982 ; Sornette and Sornette, 1990)).
These power laws, describing the behavior of various physical quantities when th.e critical percolation point is approached, are based on the fact that the correlation length increases as a powerlaw of the distance to the critical point. Physically, the correlation length represents roughly the typical size of the largest clusters in the system (Stauffer and Aharony, 1992) . As it becomes !arger and !arger as the critical point is approached, cooperative effects appear, of pure geometrical origin in this first order description. The electrical or mechanical behavior, for instance, of a system close to the percolation point exhibit !arge response and a high susceptibility to sollicitations. For example, the elastic energy stored in the system at constant stress has been shown to increase as a powerlaw and diverges mathematically at the critical point (see (Guyon, 1986 ) for a review). This kind ofbehavior characterizes essentially any physical quantity whose response depends on the connectivity and the geometry of the !arge crack clusters.
Generalization of the Percolation Model to Take into Account Elastic Correlations
The basic fact underlying the application ofthe percolation model to failure in heterogeneous media is the observation of a progressive statistical growth of darnage preceeding the impending rupture. In general, this darnage is first diffuse and uncorrelated, reflecting the geometrical structure ofthe initial quenched disorder. Then, it organizes itself in !arger structures presenting specific long-range correlations. These observations can thus be seen as reflecting a type of organization akin to that observed in percolation models, except that now the growth of cracks becomes progressively not random but rather reflects in itself the progressive geometrical organization ofthe damage. 1t is thus a kind ofbootstrap mechanism in which the growth is controlled by the geometry which itself evolves due to the darnage evolution. In the language of statistical physics, in an homogeneous medium, rupture is an abrupt, first order transition, whereas, loosely speaking, it is a "critical point" in an heterogeneous system. By "critical", we mean that the correlation length ( corresponding to the Iargest crack sizes) increases and important "critical" fluctuations of various quantities (such ajumps in the elastic coefficient or acoustic emissions ... ) are observed on the approach to the "critical" rupture. In this vain, it has been proposed (Sahimi and Arbabi, 1992) that there could exist only a limited number of different classes for this critical behavior, characterized by well-defmed universal ratio of its elastic modulii, independent of microscopic features of the system. These phenomena control the Ievel of precursory darnage prior to the macroscopic failure. lt is very low in the weak disorder case, and all the !arger when the intrinsic disorder increases. For rupture in heterogeneous media, this implies that the !arger the heterogeneity, the stronger and more numerous will be the precursory phenomena: we are led to the rather paradoxical conclusion that the more complex the system is, the more predictable it should be.
These two ideas, critical nature ofthe rupture point and the correlated exitence ofmeaningful precursory phenomena, led us recently to propose a general theoretical scheme to model rupture in heterogeneous media (Anifrani et al., 1995; Sornette and Sammis, 1995; Sarnmis et al., 1995) . The basic idea is that the concept of criticality in rupture phenomena embodies more usable inforrnation than just the power laws discussed above, which are in general only valid in the asymptotic critical domain, i.e. very close to rupture. We argue that specific precursors outside the critical regime can Iead to "universal" but nevertheless specific recognizable signatures in the precursory activity which precedes a !arge failure. In order to identify these signatures, we developed a renorrnalization group theory. The renorrnalization group forrnalism, introduced in field theory andin critical phase transitions, amounts basically to the decomposition ofthe general problern of finding the behavior of a !arge number of interacting elements into a succession of simple problems with a smaller number of elements, possessing effective properties varying with the scale of Observation. lts usefulness is based on the existence of a scale invariance or self-similarity of the underlying physics at the critical point, which allows one to define a mapping between physical scale and distance from the critical point in the control parameter axis.
Discrete Renormalization Group Formalism and Discrete Scale Invariance
The basic formula that we have derived to describe precursory phenomena prior to rupture reads
dE/dt is the rate of an observable which can be measured experimentally as the global rupture point is approached. p denotes the stress applied on the structure and p is the critical value at which failure occurs. The term (p -pfa denotes a powerlaw acceleration ofthe raterofthe observable on the approach to the critical ruptrire point, E 0 being simply a normalizing scale. The term in bracket describes a more subtle but all important effect for our purpose. It states that the increase up to rupture is decorated by oscillatory patterns whose period shrinks with the distance to rupture, in other words the oscillations are log-periodic. This cos(Log) term is intimately associated to a general solution ofthe renormalization group equations, in the presence of a characteristic prefered scaling factor. In the context ofthe renormalization group theory of critical phenomena, self-similarity at the critical point is characterized by an invariance with respect to arbitrary magnifying factors, i.e continuous scale invariance, whose mathematical consequence is the existence of power laws describing the behavior of observables.ln contradistinction, a system exhibits discrete scale invariance (DSI) if it is invariant under a discrete set of dilatations only. Formally, DSI Ieads to complex exponents, i.e., log-periodie corrections to scaling ofthe type shown in eq.(l). On the theoretical side, as discussed in (Saleur and Sornette, 1995) , complex exponents are a natural property of non-unitary Euclidian field theories, relevant to describe most disordered systems ( due to the replica averaging) as weil as geometrical systems (due to the non-locality). Such theories have a fixed point action, which is fully scale invariant, but some observables may have complex dimensions, implying that their Green functions are invariant under discrete re-scalings only. In these systems, DSI is · · spontaneously generated" by the dynamics ofthe system. For instance in d1sordered systems, DSI is probably associated to the spontaneous breaking ofreplica symmetry, which entails a hierarchical organization ofphase space (Mezard et al., 1987) .
Mechanisms for Discrete Scale Invariance
Our present understanding of the different physical mechanisms that are known to generate complex exponents is the following :
I) The existence of a regular or approximately regular fractal or hierarchical geometry entails the existence of complex fractal dimensions, which describe the lacunarity phenomenon . In the same token, such systems exhibit built-in discrete scale invariance, and therefore obey a discrete renormalization group whose solutions have been known for a long time to present complex exponents.
2) Besides this "trivial" geometrical mechanism, DSI and complex exponents can be generated by dynamical stochastic processes in an homogeneaus system when there exists a sufficiently strong intermittency, such as in models of diffusion in anisotropic quenched random media (Bernasconi and Schneider, 1983). In the presence ofintermittent amplification processes acting on a given variable, the probability distribution ofthisvariable can also exhibit a log-periodie modulation (Vlad, 1992) . This can in fact be seen as being the same mechanism as in diffusion in anisotropic quenched random media (Bernasconi and Schneider, 1983) : the amplified variable is the time necessary to diffuse over a given distance and the correspondmg probability distributmn oftime intervals can exhibit log-periodie oscillations.
3) DSI and complex exponents in irreversible growth (Johansen et al., 1995) and rupture phenomena is associated to the existence of three ingredients: i) a characteristic microscopic scale (providing an ultraviolet cut-off ofthe theory), ii) an instability at short wavelength (ofthe Mullins-Sekerka type) and iii) a very efficient screening leading to an almost decoupling of different mode instabilities. DSI then stems from the hierarchy developing in the succession of instabilities (Saleur and Somette, in preparation). Theseproblems arerather special in that their field theory have no well-behaved continuous Iimit, since the behavior at !arge scales is sensitive to the existence ofthe microscopic scale, which thus cannot be taken to zero. In other words, a correct description ofrupture in heterogeneaus media cannot be done within a continuous mechanical framework but must rather remain fundamentally discrete in some sense.
4) DSI seems to occur in quenched random systems (Chen and Lubensky, 1977; Aharony, 1975) . This is probably related to the spontaneous breaking of replica symmetry occurring within meanfield theory in the spinglass phase, which entails a hierarchical organization ofphase space (Mezard et al., 1987) , notwithstanding the fact that these calculations have been done in the high temperature phase, i.e. away from the spin-glass phase. In the same vain, complex exponents have been found to describe the statistics of "animals" (connected clusters on a percolation lattice) , due to the non-locality. 5) One ofus have recently described a new mechanism for the appearance, in continuous scale invariant systems, of complex exponents, i.e. of discrete scale invariance, based on the breaking of a discrete symmetry. This discrete symmetry breaking explains the log-periodie oscillatory stress singularity at the tip of a crack at the interface between two different elastic media. Using the theory of instabilities in presence of a discrete symmetry breaking, one can then show how the firstnonlinear correction ofthe renormalization group flow continuously renormalizes the imaginary part ofthe critical exponent as a function ofthe distance to the critical point, giving two asymptotic values ofthe frequency ofthe log-periodie oscillations occurring respectively far and close to the singularity.
APPLICATION TO THE DESCRIPTION OF ACOUSTIC EMISSION PRECURSORS TO THE RUPTURE OF PRESSURE TANKS Experimental Setup
Acoustic emissions (AE) are mechanical waves produced by sudden movement in stressed systems, occurring in a wide range ofmaterials, structures and processes, from the largest scale (seismic events) to the smallest one (motion of dislocations). AE differs from most other nondestructive testing (NDn methods in that the AE signal has its origin in the material itself, not in an extemal source, and in that it detects movement, while most methods detect existing geometrical discontinuities. Thus, the general basis for developing a prediction scheme is to ftrst determine which detected AE are relevant precursory phenomena (among the various causes such as crack nucleation and growth, fiber-matrix delamination, fiber rupture ... ) and then develop an algorithm which allows one to relate these precursors to the fmal rupture. Figure I shows the experimental setup.
Results
We shall now report a few results obtained on an industrial application on which our method has been tested extensively. The complexity of such systems can be taken as a test ofthe robustness of our technique. The systems are spherical tanks made ofkevlar or carbon fibers pre-impregnated in a resin matrix wrapped up around a metallic Iiner. AE signals are obtained from three to six acoustic transducers (resonant frequency of 150 kHz) placed at equal distances between the equator and the poles of a given spherical tank by increasing at a constant rate (3 to 6 bar/s) the intemal water pressure and thus the stress exerted on the tank. (1) to the data shown in figure 2a . In this goal, the data has been binned so as to reduce the noise Ievel. We observe a very good fit with this fonnula and a significant improvement with respect to various null-hypothesis, such as a simple average exponential or powerlaw rise (see ( Jobansen et al., 1995) for a thorough discussion of the statistical significance aspects ). In particular, we fmd in cases that the pressure of rupture found from the fit is within a few percent at most from the true value. Furthennore, we have carried out various tests to use this fitting procedure as a predictive scheme (see (Anifrani et al., 1995) ). Tables 1 to 3 summarise some results obtained respectively on:
-123 Litertanksmade ofkevlar:/epoxy composite wrapped on a titanium Iiner (Ariane 4). Acoustic emission was recorded directly during the bursting test. It is the validation test for the mathematical model.
-300 Iiter tanks made of carbon/epoxy composite wrapped on a titanium Iiner (Ariane 5). Here, acoustic emissionwas recorded during Prooftests up to 680 bar. Predicting ofthe bursting pressure were carried up using the mathematical model and after the tanks were pressurized till they bursted. This real obtained bursting pressure were compared to the predicted bursting pressure.
-7 Iiter tanks made of carbon/resin composite wrapped on a steelliner (validation tanks). Thesetanks are maded to study the influence of defects in the composite on the bursting pressure.
We obtained very good precision on all these results. .. . . . In summary, our main pointisthat mechanical breakdown ofheterogeneous media, instead of nucleating on a single crack as would be the case in a homogeneaus system, involves collective phenomena. This mechanism has been confmned by Iabaratory experiments and computer simulations. Exploiting these ideas, we have described and tested on industrial systems a new scaling theory ofrupture viewed as a critical point endowed with a complex critical exponent, which allows one the get precise and reliable prediction of rupture thresholds from the analysis of AE data obtained on pressure Ioad at constant pressure rates.
